SUMMARY
INTRODUCTION
The ongoing restructuring of electrical energy markets that has motivated utilities to increase profitability have generated much interest in the reassessment of financial and economic alternatives in the power grid infrastructures. In the commonly used Life-Cycle Costs technique of analysis, maintenance costs are expected to represent the next highest cost after the initial investment costs. The majority of maintenance and replacement costs in the infrastructure are associated with transformers and switchgear [1] . The purpose of this paper is directed toward the maintenance strategy of switchgear. The main contributors to switchgear maintenance costs are both the cost of time out of service and the costs of materials and skilled labor. Hence, cost-effective maintenance strategies should not only seek to prolong the lifetime of the equipment, but also to increase the intervals between out-of-service maintenance.
There has therefore been a trend away from time-based maintenance strategies with their predefined maintenance intervals and toward condition-based maintenance (CBM) strategies, which assess the technical condition of the equipment, and also toward maintenance programs based on risk assessment, specifically Reliability Centered Maintenance [1, 2] . As concluded in [3] , the financial justification of monitoring for CBM depends on the kinds of mechanical and electrical stresses a breaker undergoes, and CBM is most likely beneficial for frequently operated or strategically important breakers. It is further concluded that although the majority of failures are caused by the switchgear mechanical system, the interrupting capability of the switching chamber, including the contacts and nozzle, is of critical importance.
In order to produce an estimate of the condition of the chamber interrupting capability, one monitoring algorithm approach relies on an approximation of the main processes of ablation physics, as outlined in [3] . The total amounts of ablated contact and nozzle material during a switching operation are dependent on several parameters, and the focus of this paper is the measurement of one of the critical parameters: the amount of time during which the switching contacts and the nozzle are exposed to the arc. Since the nozzle exposure time begins after a given delay following contact separation-under the assumption of a constant contact velocity after contact separation-the two exposure times may be collectively referred to simply as the arcing time.
The method used to obtain an estimate of the time of exposure to the arc should meet certain criteria. For instance, it must be able distinguish between the arcing times of the three phases of the breaker. In addition, a favorable method would make a reasonably precise measurement, be non-invasive to the switching chamber, and be simple and inexpensive to implement. One method is to measure the contact travel curve and compare the resulting estimate of the time of contact separation to the time of current extinction measured on the current waveform, as described in [3] . The drawback of this method is that it requires the measurement of the contact travel curve and provides a relatively imprecise value of the arcing time.
Several measurement possibilities revolve around the energy emitted by the switching arc itself. Measurement of the current and voltage of the switch would suffice, but the arcing voltage is not obtainable from the available potential transformer, and not practical to obtain directly. A number of solutions, such as [4] , have been proposed that measure light from the arc by way of fiber-optic cable. However, these require modification to the arcing chamber, and the after a number of switching operations the fiber optics are prone to become blind from being covered with arcing by-products. Infrared energy likewise does not escape the arcing chamber and is considered impractical for a solution. The acoustic energy of the arc might also be harnessed, but shows too little useful potential and is not considered. The radio-frequency (RF) electromagnetic emissions of the arc, however, offer a potentially elegant solution for the method of measurement. arcs have historically been regarded as interference, and have received some measure of study in regards to substation EMC [5] and fault location [6] . Only recently has the topic begun to draw serious attention for switchgear condition monitoring from a small number of research groups. An early offline diagnostic technique has been patented [7] . An investigation into the detection of contact separation events was reported in [8] , and in [9] an analysis of observations of captured signals from many switching arcs has been made with an outlook on condition-monitoring systems. Recently, a conditionmonitoring system based on the radiated arcing signal and a reference signal from the mechanical drive has been patented [10] . Of particular interest is a recently proposed method for identifying the individual contact separation events of a threephase breaker [11] . This method and [8] are the only reports known to the author that explore an approach to making a simultaneous and independent measurement of the arc durations of the three switchgear poles using radiated electromagnetic signals.
The measurement in question is a relatively new topic of interest, and none of the above investigations or methods appear to represent a satisfying or final solution. In this paper we therefore report on observations relevant to the measurement principle, propose a new method of measuring the arcing time and discuss its applicability to switchgear condition monitoring.
EXPERIMENT SETUP
The arcs used to gather experimental results were generated by an indoor, three-phase autopuffer SF 6 breaker rated at 24 kV nominal voltage and 630 A nominal current [12] . The breaker is mounted to the floor in a small, shielded room (2.6 × 2.4 × 4.1 m). The power-frequency current is supplied by an LC resonant circuit dimensioned to produce a source voltage of up to 4 kV with a wave impedance allowing peak currents of up to 2 kA. The source voltage must be sufficiently higher than the arc voltage to limit interference with the current.
The breaking operation is controlled by a trigger unit, which sends the breaker trip signal and closes the resonant circuit by firing thyristors after a variable delay; diodes are provided for the return current path. The current and voltage waveforms of the switch are captured using a Rogowski coil and a damped capacitive high-voltage probe, respectively. In this way the relevant events (contact separation and current zero) necessary to correctly identify the arc duration are independently obtained for comparison to the RF signal.
Given the small dimensions of the shielded room, extra care must be taken in the interpretation of signals captured by antennas designed for far-field reception. Nevertheless, with this experiment setup it is possible to introduce a variety of radio-frequency equipment for measurement. Due to the nonrepetitive nature of the arc signal, the ability to record at a high sampling rate is especially valuable. A modern digital oscilloscope with a 2-megasample memory capacity and maximum sampling rate of 4 GS/s was used, allowing the capture of signals up to 1 GHz at twice the Nyquist criterion.
CHARACTERISTICS OF THE RF ARC SIGNAL
In order to investigate the principles necessary to understand how the arcing time might be measured, a large number of experiments have been carried out using a variety of antenna and sensor types. The studies focused on measurements lying in the VHF range (30-300 MHz). These studies have led to the recognition of a number of useful characteristics of the radio-frequency arcing signal, which are qualitatively summarized here as preparation for the discussion of the measurement method and results.
A significant and readily evident trait of the arc signal is its high signal-to-noise ratio. The signal is easily distinguished from background noise, and especially the electric field is readily measurable. This grants a greater freedom from interference and simplification in signal handling, as opposed to more sensitive RF measurements such as partial discharge. The signal is observable in a very broad range of frequencies, extending from below to above the VHF range. It is not considered practical to attempt to quantify a radio-frequency "spectrum fingerprint" of the arc for the purpose of signal identification, since the emitted frequencies depend not only on variable arc processes but also on the environment of the arc.
A significant finding not reported elsewhere is the presence of a useable arc signal level throughout the duration of the arc. The level of RF energy present varies between states of lower and higher signal level, resulting in varying levels of measured signal strength. The higher levels of RF energy are present during periods of arc instability, notably during the ignition peak and before and after current zero. When the arc is stable, a significantly lower signal level is consistently present. Furthermore, the cause of the measured radio-frequency components of the arcing signal appear to be a continuous series of impulses, in agreement with the conclusions in [9, 11] . The increased presence of a broad range of frequencies during the periods of arc instability support this proposition. The source of the RF signal is therefore considered to be rapid changes in the voltage produced in the arc, so that steeper transients during instabilities produce higher emissions with a broad range of frequency components. The fields produced by these disturbances will be immediately measurable locally, and will propagate along the transmission lines, busbars and other conducting structures. As reported in [9] , these structures will also transmit radio waves with a radiative efficiency that depends on the dimensions of the signal-carrying structures.
METHOD OF MEASUREMENT
Based on the observations of the previous section, a method of measurement has been developed to provide a signal from which the arcing duration can be extracted. The choice of sensor (antenna or otherwise) is central to this method, and is subject to several considerations. A primary consideration is how the sensor couples the RF arc signal. Proximity of the sensor to high-voltage components must be considered since it is limited due to dielectric considerations and any switchyard regulations. Size is also an issue, with possible sensor
Sensor
The method utilizes an electric-field sensor that functions in principle as a capacitive voltage divider rather than as an antenna. It consists of a disc placed parallel to a ground plane and fed through to a BNC connection, as depicted in Figure 1 . The ground plane can be any grounded surface, for example part of a breaker enclosure. However, it is not a requirement that the switch be enclosed by the ground plane. The disc has a capacitance C 1 to the signal source, which may be the arc, breaker internals, or other signal-carrying conductors, and a capacitance C 2 to the ground plane. The principle of measurement is the same as for the sensor design commonly used for partial discharge measurement in GIS.
When connected to the 50 Ω input of an amplifier, the theoretical transfer function of the sensor is represented by the curve of Figure 2 . The frequency response of the sensor is dependent on C 1 and C 2 , and thus is affected by the size of the disc and its location relative to the signal source and ground.
Signal processing
The signal from the sensor is fed directly to a broadband amplifier. In this case, two amplifiers are connected in series, each of which has a flat response from 5 MHz to above 400 MHz. The goal of the amplification gain is to bring the signal to a level appropriate for demodulation; a two-stage amplification is not required.
The signal is fed to a simple amplitude demodulator for envelope detection, which is the final stage. A conceptual schematic of the measurement chain is depicted in Figure 3 . The output time constant τ D = R D ·C D must produce an acceptable balance between ripple and negative-edge clipping. A measurement precision of better than 100 µs might be considered quite acceptable.
After demodulation the signal has an extremely low bandwidth on the order of 30 kHz and can be transmitted to a recording device by coaxial cable or converted for transmission by optical fiber.
RESULTS AND DISCUSSION
The information required from the measurement is simply the arcing time, represented by ∆t arc = t 1 -t 0 . The measurement algorithm must also take into account the duration of further arcs in the case of reignition. However, the signal coupled by the sensor is complex, and its radio-frequency content provides far more information than is actually required of the measurement-more in fact than may prove useful. Provided that a detectable signal strength is present throughout the duration of the arc, a gross reduction of information of the signal may therefore be desirable.
In order to illustrate the goal of the measurement signal output, we reduce the measurement to the case of a single arc with no reignition and describe an idealized measurement. The measurement would ideally produce a signal that rises to a non-zero value during the presence of the arc, creating a rectangular wave shape that simplifies the identification of t 0 and t 1 , as depicted in Figure 4a .
A simplification of the complex amplified sensor signal can be achieved through simple amplitude demodulation. An oscillograph of an example of the amplified and demodulated sensor output during a switching arc is shown in Figure 4b . This signal was captured using the method of measurement described in the previous section. The circuit was supplied with a source voltage (initial capacitor charge) of 1.5 kV, resulting in a current peak of 620 A, and the current was extinguished at the first current zero. The sensor was integrated into a metal shield surrounding the switching The demodulated arc signal U D in Figure 4b demonstrates similar characteristics to the corresponding idealization of the signal in Figure 4a . The rising and falling edges clearly identify contact separation and current extinction at times t 0 and t 1 , respectively. In addition, the wanted signal is present throughout the duration of the arc. The value of ∆t arc can easily be extracted from this signal.
At the rising edge, the envelope of the signal quickly jumps due to the sudden increase of RF energy during the ignition peak. The jump of 20 V in the switch voltage signal (U S ) verifies contact separation at about 3.4 ms. Before the falling edge, the signal level begins to increase before current zero, possibly due to the autopuffer action cooling the arc. The moment of current zero is clearly identifiable by the Transient Recovery Voltage (TRV). (U S has been clipped by the selected scope resolution, which was so chosen in order to see the contact separation.) After this instant, the signal is seen to fall exponentially with the time constant τ D , indicating that the signal has ceased at current extinction. Observations of undemodulated signals confirm that the RF signal disappears with an abruptness very similar to the abruptness of its appearance at arc ignition.
The behaviors of the signal as depicted in this result show themselves with high regularity. Although the arc duration is always easily perceptible by human analysis, no automated logic has been implemented to determine ∆t arc , and the reliability of the method is a subject of further investigation. However, the following qualitative observations can be made. Depending on amplification, it can occur that the signal strength reduces to a low level (during a period when the arc is stable), that is, a near-zero level. The method is also sensitive to a small degree to any spurious RF signals that are coupled via the sensor. This means that the method relies on the high RF signal strength provided by the arc. Interferences of short duration may easily be removed using a detection algorithm. Unfortunately, interference from strong RF sources of longer duration, such as other arcs, can introduce error into the measurement.
The method does not easily identify two simultaneous switching-arc durations if the sensor is coupled to the signal of both arcs. A complex analysis of the superposition of two or more such signals appears doubtful. This implies that the method as presented is not well suited to distinguishing between the simultaneous arcing signals of the three poles of a circuit breaker without shielding of the radio-frequency electric field. The method is, however, applicable for simultaneous measurement if the sensor is coupled to one arc signal and sufficiently shielded from the interference of other arc signals.
Experiments were conducted using 20-cm-diameter cylinder encapsulations fixed around the switching chambers of the circuit breaker, so that the enclosure is open on each end but the direct path of the electrical fields between arcing chambers is shielded. The sensors were integrated into this encapsulation in order to study the effect of direct shielding between the breaker chambers. The results showed that a significant level of attenuation is achieved in this way. In a high-voltage network with metal-enclosed switchgear the RF signal may nevertheless be coupled between phases, for example at busbars, transformer or generator windings, etc., so that the arc signal arrives at one sensor location regardless of direct shielding. This effect of inter-phase coupling through the network was studied by connecting the breaker poles and shields with RF-equivalent hardware to simulate inter-phase coupling. Experiments using both the switching arc and highfrequency signal generators show that signal coupling varies significantly depending on the coupling path, so that the solution of the three-phase measurement problem for encapsulated switchgear may depend on inter-phase coupling of the surrounding network topology, as well as further development of the measurement method.
CONCLUSIONS
The proposed method demonstrates a suitable technique for the measurement of the duration of a switching arc. To the knowledge of the author, this is the only method presented to date that makes a direct measurement of the arcing duration based solely on the radiated radio-frequency signal, requiring no comparison to a reference signal. Furthermore, the method is non-invasive to the switching chamber, can be implemented with inexpensive equipment and is potentially integrable with a circuit breaker for long-term monitoring purposes.
The strength of the coupled signal throughout the arcing duration provides this method with an advantage over other methods that seek to identify contact separation and compare that event to the separately measured current extinction in order to extract the arc duration. Although the radio-frequency activity at contact separation is high, other methods that rely on detecting ignition as an isolated event may not guarantee positive identification of it. This is especially true if the contact separation is measured as a single burst of short duration, since such a signal is difficult to distinguish from interference. By contrast, detection of the onset of the arc signal followed by a usable signal level through to arc extinction provides a context by which the presence of the arc can be positively identified.
The results presented here demonstrate the successful measurement of the arcing duration of a single arc, showing that it is quite possible to attain a high signal-to-noise ratio that creates an evident signal presence. This shows much promise toward the ongoing development of a solution for condition-based monitoring for three-phase circuit breakers. Although the problem of inter-phase radio-frequency crosstalk inherent in three-phase switchgear may inhibit application of the method to live-tank breakers, the method exhibits good results for application to metal-encapsulated breakers, such as GIS and generator circuit breakers. The method may find application to switchgear that are already installed, given the possibility of adapting existing coupling mechanisms or partial-discharge sensors, especially in GIS.
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